We previously induced protective immune response by oral immunization with yeast expressing the ApxIIA antigen. The ApxI antigen is also an important factor in the protection against Actinobacillus pleuropneumoniae serotype 5 infection; therefore, the protective immunity in mice following oral immunization with Saccharomyces cerevisiae expressing either ApxIA (group C) or ApxIIA (group D) alone or both (group E) was compared with that in two control groups (group A and B). The immunogenicity of the rApxIA antigen derived from the yeast was confirmed by a high survival rate and an ApxIA-specific IgG antibody response (p ＜ 0.01). The highest systemic (IgG) and local (IgA) humoral immune responses to ApxIA and ApxIIA were detected in group E after the third immunization (p ＜ 0.05). The levels of IL-1β and IL-6 after challenge with an A. pleuropneumoniae field isolate did not change significantly in the vaccinated groups. The level of TNF-α increased in a time-dependent manner in group E but was not significantly different after the challenge. After the challenge, the mice in group E had a significantly lower infectious burden and a higher level of protection than the mice in the other groups (p ＜ 0.05). The survival rate in each group was closely correlated to the immune response and histopathological observations in the lung following the challenge. These results suggested that immunity to the ApxIA antigen is required for optimal protection.
Introduction
Most pathogens infect their host across mucosal surfaces, particularly those of the gastrointestinal tract or respiratory tract [24] . Immunoglobulin A (IgA) is the most abundant Ig isotype present in the mucosal tissue during infection and is crucial as a first line of defense. The main role of secretory IgA in oral immunization [8, 22] is to protect the host by inhibiting pathogen attachment, immune exclusion, and facilitating the clearance of toxic products [37] . IgA may also function in lung defense by influencing the trafficking of specific cells through the common mucosal immune system [19] . The important roles that both specific local IgA and systemic IgG play in the protection from respiratory diseases have been well documented [11, 12] . Although most bacterial extracts that are commonly administered orally produce nonspecific or poor immune responses, we previously demonstrated that the protection against Actinobacillus pleuropneumoniae increased with the production of specific IgA in the lung [34] . In addition, the induction of protective immunity in A. pleuropneumoniae infection by eliciting specific IgA and IgG after natural and experimental infection has been investigated [18] .
A. pleuropneumoniae is the etiological agent of porcine pleuropneumonia, a severe respiratory disease affecting swine, is characterized by necrotizing fibrinous pneumonia and pleuritis [6] . Although the bacterium produces several virulence factors, the virulence of A. pleuropneumoniae is strongly correlated with the production of Apx exotoxins. Four different types of exotoxins, ApxI, ApxII, ApxIII and ApxIV, have been characterized in this bacterium [15, 28] . Both ApxIA and ApxIIA of A. pleuropneumoniae are essential for full virulence in the develop-ment of clinical signs and typical lung lesions [5, 28] . No preventive strategies have shown complete protection against the disease to date. Vaccination is thought to be the most effective way to prevent clinical signs by infection with the bacterium and many studies have focused on the development of novel vaccines to prevent A. pleuropneumoniae infection [5, 17, 18, 26, 32, 39] . However, most vaccines have taken the form of injections, which are laborious and time-consuming, cause discomfort to the animal, and may cause adverse effects, such as the induction of an inflammatory response at the injection site [16, 18, 26] .
Saccharomyces cerevisiae, commonly known as baker's yeast, has recently been adopted as a delivery vehicle for oral immunization [3] . This organism can express large quantities of heterogenous proteins at a relatively low cost [1, 30] and is considered to be safe for human consumption [31] . In addition, S. cerevisiae has been used as a tracer for the oral application of vaccines and drugs because it is relatively stable, nonpathogenic, and noninvasive in the gut in comparison to other biodegradable vehicles [2, 30] . The yeast may also stimulate the host mucosal immune system by interacting with intestinal epithelial cells in the presence of butyric acid, a metabolite produced by intestinal bacteria [29] .
In addition to the induction of a specific antibody response, delivery systems and adjuvants are also key factors in designing an oral vaccine to efficiently induce a mucosal immune response [19, 20, 22] . Although several systems have been developed, they have failed to induce sufficient immune responses due to antigen dilution or denaturation, tight immune regulation at mucosal sites, toxicity, or insufficient immunostimulatory effects [27, 40] . The recent success using S. cerevisiae as a delivery vehicle in oral immunization [3, 4, 29, 38] led us to choose this yeast system for the delivery vehicle in our study.
Based on current knowledge, we propose that S. cerevisiae expressing Apx toxins is a more effective way to induce protective immunity against A. pleuropneumoniae infection than single administration of the ApxIIA. We first confirmed the immunogenicity of the yeast-derived ApxIA antigen. We then investigated the local and systemic immune responses, bacterial clearance, and inflammatory responses after oral immunization and challenge. Finally, we evaluated the protective efficacy of our vaccine strategy by challenge with a field isolate of A. pleuropneumoniae serotype 5.
Materials and Methods

Preparation of vaccines
The apxIA and apxIIA genes were cloned from A. pleuropneumoniae serotype 5 isolated from the lungs of Korean pigs with pleuropneumonia. For the oral vaccine, S. cerevisiae expressing ApxIA or ApxIIA antigens were prepared as previously described [34, 35] .
Experimental animals
Female 5-week-old BALB/c mice (Breeding and Research Center, Seoul National University, Korea) were used throughout this study in accordance with the policies and regulations for the care and use of laboratory animals (Seoul National University, Korea). All animals were provided with standard mouse chow and water ad libitum. The immunogenicity of the ApxIA produced in the yeast was confirmed by subcutaneous immunization with yeast-derived ApxIA protein, and the survival rate after challenging with a clinical strain of A. pleuropneumoniae was determined as previously described [34] .
Briefly, 15 mice per group were subcutaneously injected with 100 µg of protein extract after emulsifying with complete Freund's adjuvant (Sigma, USA). This was then followed by a boost immunization with the same amount of antigens after emulsifying with incomplete Freund's adjuvant (Sigma, USA) at 2 weeks after the initial immunization. The final immunization was performed in the same manner at 2 weeks after the boost immunization. Blood was drawn to collect serum at 5 days after the final boost immunization. Finally, a survival test and IgG antibody response assays were carried out in order to confirm the immunogenicity of the yeast-derived ApxIA antigen. Each experimental group in the oral vaccination study consisted of 40 mice, and each was allocated to one of five immunization regimens. Group A (control) received oral administration of 500 µl of 10 mM PBS (pH 7.2) and group B (vector) was orally vaccinated with 20 mg of S. cerevisiae powder dissolved into 500 µl of 10 mM PBS (pH 7.2). The vaccinated groups were immunized with 20 mg of S. cerevisiae expressing either ApxIA (group C), ApxIIA (group D), or both (10 mg each, group E) dissolved with the procedures as well.
Delivery of vaccines for immunization and collection of samples
All groups were immunized orally through an oral gavage with 4 doses at 10-day intervals. Five mice from each immunization group were randomly selected after 2 days (Fig. 1) . Samples of lung, intestine, and serum were individually collected from the mice as described previously [34] . All serum samples were stored at 20 o C until use. Half of the lung and small intestine samples were homogenized with 10,000 RPM homogenization (Polytron PT3000; Kinematica, USA). The homogenized samples were stored at 4 o C overnight, then centrifuged at 12,000 × g for 10 min at 4 o C. The supernatants were collected for subsequent analysis and stored at 20 o C until use. The total protein concentration in each sample was measured using the BCA protein assay kit (Pierce, USA) and normalized to 1 mg immediately before performing the assay. 
Immune response analysis
Antibody titers (IgA and IgG) against ApxIA or ApxIIA of A. pleuropneumoniae were measured by ELISA in order to analyze the immune response in the mice. For this assay, 100 µg of rApxIA and rApxIIA [33] resuspended in 100 µl of coating buffer (14.2 mM Na 2 CO 3 , 34.9 mM NaHCO 3 , 3.1 mM NaN 3 , pH 9.6) was added to a microplate for ELISA (Greiner, Australia) and incubated overnight at 4 o C. The plate was washed three times with PBST (0.05% Tween 20 in PBS) and blocked with PBST containing 1% bovine serum albumin by incubation for 1 h at 37 o C. After incubation with primary antigens, sera from the immunized mice, lung or intestinal homogenates, were added to the plate and incubated for 1 h at 37 o C. After washing three times with PBST, 100 µl of goat anti-mouse IgG (H + L)-HRP conjugate (Bio-Rad, USA) or anti-mouse IgA (α -chain specific)-HRP conjugate (Sigma, USA) was added to the plate and incubated for 1 h at 37 o C. Color was developed by adding 100 µl of ABTS substrate solution (BioRad, USA) to the plate. After incubation for 20 min at room temperature, the O.D. was measured at 405 nm using an ELISA reader (Molecular Device, USA).
Immunohistochemistry
Immunohistochemical staining was followed by our previous report [34] .
Tissue preparation: For tissue preparation, mice from each group were deeply anesthetized with a mixture of xylazine hydrochloride (Bayer, Korea) and ketamin hydrochloride (Yuhan, Korea) and then perfused intracardially with 0.9% saline, followed by a fixative (4% paraformaldehyde in 0.1 M PBS, pH 7.4) at a rate of 70 ml/min with a perfusion pump (Masterflex, USA). After perfusion, the lungs and intestines were removed and post-fixed overnight in the same fixative at 4 o C. The lungs and intestines were cryoprotected by transfer to 30% sucrose in 0.1 M PBS and frozen in OCT embedding medium (Tissue-Tek; Sakura, USA) for storage at 70 o C. Tissues were cut into 12 µm thick coronal sections with a cryostat (ReichertJung, Germany), mounted on silane-coated slides (DAKO, Denmark) and stored at 70 o C until processing for immunohistochemistry.
Detection of Apx toxin-specific antibody-producing cells: Tissue sections were rinsed with 0.01 M PBS (pH 7.4) and treated with 0.5% hydrogen peroxide in 0.01 M PBS for 15 min. The sections were washed three times for 10 min each with 0.01 M PBS, then blocked by incubation in 10% normal goat serum (DAKO, Denmark) or 10% skim milk in 0.1 M PBS for 1 h at room temperature. The sections were incubated with 50 µg/ml of rApxIA or rApxIIA in 0.1 M PBS overnight at 4 o C. After incubation with primary antigens, the sections were washed three times with 0.01 M PBS for 10 min each and then incubated with 1 : 200 diluted polyclonal antibodies against a culture supernatant of A. pleuropneumoniae serotype 2 and 5 in 0.1 M PBS containing 0.3% triton X-100 and 2% normal goat serum for 2 h at room temperature. After washing with 0.01 M PBS for 10 min, the sections were sequentially reacted with 1 : 200 diluted goat anti-rabbit IgG (Vector, USA) and Streptavidin (Vector, USA) in the same solution. Between sequential reactions, the tissues were washed three times with PBS for 10 min each. The sections were visualized with 3'3-diaminobenzidine tetrachloride (Sigma, USA) in 0.1 M Tris buffer (pH 6.8) and mounted with a cover slide after counterstain with hematoxylin. Immunoreactive precipitates were observed under an Axioplan microscope (Carl Zeiss, Germany). Images of IgA immunoreactivity in ten villi in the small intestine and 10 alveolar spaces in the lung were randomly chosen from each animal and captured with an AppleScanner (Apple Computer, USA). The brightness and contrast of each image file were uniformly calibrated by Adobe Photoshop version 2.4.1, followed by analysis using NIH Image 1.59 software. Background staining values were subtracted from the immunoreaction intensities. The number of IgA-secreting cells in alveolar spaces was counted using Optimas 6.5 software (MediaCybernetics, USA) by averaging the counts from 10 sections randomly taken from the same section level of each group.
Bacterial challenge and survival rate
Mice in each group were challenged by intraperitoneal injection of a field isolate of A. pleuropneumoniae serotype 5 at 1.45 × 10 6 CFU (minimal lethal dose, MLD) in 10 days after their final immunization, and were then monitored every 6 h for up to 72 h. During the monitoring, animals that succumbed to the challenge were dissected and lung tissues were collected for subsequent analysis of inflammatory responses, cytokines, and recovery.
Bacteriological examination
To assess the protective efficacy measured by bacterial clearance in the lungs, lungs were aseptically removed at 72 h post-challenge. The lungs were homogenized in 5 ml of PBS using a tissue homogenizer. Each homogenate was serially diluted in PBS and 50 µl of the homogenate, and the diluted samples (in triplicate) were then plated on chocolate agar plates. The plates were incubated at 37 o C for 48 h under a 5% (V/V) CO 2 atmosphere. The number of live bacteria was quantified according to the formula: CFU/ml = mean no. of colonies × dilution factor × 20. Differences were considered to be significant if a probability value of p ＜ 0.05 was obtained when the CFU count of the immunized groups was compared to that of the control groups.
Histological examination
The mice were sacrificed at 72 h after challenge with the MLD of A. pleuropneumoniae serotype 5, and the lungs were sliced into pieces and preserved in 10% neutralized buffer formalin. The tissue samples were embedded in paraffin, cut into 6 µm sections, assessed by routine staining with hematoxylin and eosin, and examined by light microscopy. The inflammatory response was evaluated by examining the lung tissue for the presence of typical inflammatory signs [36] . Inflammatory index was obtained from the average of the score from each inflammatory response in 5 fields of each mouse. The severity of the inflammatory response (congestion, neutrophil infiltration, exudation, consolidation, infiltration of fibrosis and platelets) was ranked using a score of 0 to 3 for each symptom (0, no sign; 1, mild; 2, notable and local; 3, severe and spread) based on the size and number of lesions per field.
Cytokine analysis
The levels of TNF-α, IL-1β, and IL-6 in the serum and lungs were quantified by ELISA (Endogen, USA) according to the instructions supplied by the manufacturer. Lung samples and sera from all experimental groups were prepared as described previously [9] . Briefly, aseptically prepared lungs were homogenized in 3 ml of lysis buffer. Lung homogenates were incubated on ice for 30 min and then centrifuged at 2,500 rpm for 10 min. The supernatants were collected and filtered using 0.45 µm syringe filters (Nalgen, USA). Before conducting the cytokine assessments, the protein concentration of each homogenate was normalized to 1 mg using a BCA protein assay kit (Pierce, USA). The amount of each cytokine was calculated by comparison with a standard curve generated by serial dilutions of murine recombinant cytokines.
Statistical analysis
Changes in IgA-secreting cells according to immunization time and treatment group were evaluated with ANOVA. The antibody titer and cytokine quantification results were expressed as the mean ± SD. Differences between control groups and vaccinated groups were analyzed by a two-tailed independent Student's t-test. Differences were considered to be significant if probability values of p ＜ 0.05 were obtained.
Results
Immunogenicity of yeast expressing ApxIA antigen
To initially confirm the immunogenicity of the yeast-derived ApxIA antigen, the production of ApxIA-specific IgG antibodies and survival rates were investigated as in our previous study of the yeast-derived ApxIIA antigen [34] . The levels of ApxIA-specific IgG antibody were significantly increased by subcutaneous immunization with the protein extracted from the yeast expressing ApxIA. Mice challenged with the MLD of an A. pleuropneumoniae field isolate had a higher survival rate (70%) than the control (0%). None of the mice in the control groups showed significant production of specific antibody or protection against A. pleuropneumoniae after the challenge (data not shown). 
Induction of specific immune responses
The levels of local and systemic antibodies specific to the Apx antigens were investigated in mice orally immunized with Apx antigen-expressing yeast. The antibodies specific to ApxIA or ApxIIA were produced at similar levels in the group immunized with both the ApxIA and ApxIIA antigens. Mucosal immune responses were evaluated in the lung (Fig. 2A), intestine (Fig. 2B) and sera (Fig. 2C) . Specific IgA responses to ApxIA or ApxIIA in the intestines and lungs from mice immunized with yeast expressing Apx antigens were significantly higher than those in the control groups after the second and third immunizations, respectively (p ＜ 0.05). In particular, mice immunized with a single antigen (either ApxIA or ApxIIA) showed significant increases in the level of specific IgA at the final immunization (day 40) in both the lung and intestine (p ＜ 0.05). However, no significant increases in specific IgA antibodies were observed in the sera of any experimental group, even though the levels of specific IgA were slightly higher in the vaccinated groups (p ＜ 0.05) (Fig. 2C) .
Systemically, the pattern of IgG production to ApxA antigens in the sera was similar to that of IgA. Increases in IgG antibodies were only observed in the group immunized with both antigens after the 2nd immunization and were maintained until the final immunization, while groups vaccinated with a single antigen showed no significant difference during the same period (p ＞ 0.05) (Fig. 3A) . Interestingly, similar levels of IgM antibody responses were observed in all vaccinated groups during the immunization period, while those in the two control groups remained unchanged (Fig. 3B) .
Changes in IgA-secreting cells in the lung and intestine
The number of IgA-secreting cells in the lung and intes- (Table 1) . However, the relative densities of IgA-secreting cells in all vaccinated groups gradually increased after additional immunizations in comparison to the control groups. The final relative density of the groups immunized with ApxIA, ApxIIA, and both antigens were 8.5, 9.5 and 22.5 times higher than in the PBS-treated control group, respectively (Fig. 5 ).
Bacteriological and histopathological examination
The protective effect of oral immunization with yeast expressing ApxA antigens was also investigated through histopathological scoring and by measuring bacterial clearance at 72 h post challenge. Bacterial clearance was significantly enhanced by oral immunization with the antigens in all vaccinated groups (p＜0.05) ( Table 2) . Moreover, the surviving mice showed significantly better clearance rates by 36 h post-challenge. The relationship between ApxA-specific antibody responses and bacterial counts from mouse lungs was further analyzed in the lung and sera from the control and vaccinated groups. Histopathological lesions, as measured by inflammatory indexes, were significantly reduced after vaccination while bacterial clearance rates were significantly increased. The lowest inflammatory index and the highest bacterial clearance rate were observed in the group immunized with both antigens (Table 2) . *Each group is the same as Table 1 . 
Change in proinflammatory cytokines
The levels of IL-6 and TNF-α significantly increased during immunization in the lungs from mice immunized with both antigens. However, the levels of IL-1β, IL-6 and TNF-α in the lungs of mice from the immunized groups did not change significantly after challenge, while the levels of these cytokines in the mice in the control groups significantly increased after challenge (Fig. 6) . The cytokine levels in the sera were similarly raised only after challenge, with the exception of IL-1β, which did not change significantly (Fig. 6A) . The production of TNF-α in both the sera and lung tissue of mice immunized with both antigens was slightly lower than that of the mice in the other groups after challenge.
Survival rates
All mice were monitored for up to 72 h after challenge with the MLD of an A. pleuropneumoniae field isolate. Overall, the final survival rates of the vaccinated groups were higher than those of the control groups at each time point. Notably, all mice in the control groups died at 36 h after challenge. The highest survival rate was observed in the group immunized with both antigens (Fig. 7) . The correlation coefficient (r 2 ) was calculated by regression analysis in order to determine whether there was a correlation between survival rate and antibody response or the levels of bacterial colonization. The results showed that there was a statistically significant correlation (t test for correlation, p < 0.001) between the increase in mucosal IgA (r 2 = 0.84), systemic IgG (r 2 = 0.79), and survival rates. However, an increase in systemic IgA and IgM did not correlate with the survival rates. Moreover, the number of bacteria in the lung correlated negatively with the survival rate (r 2 = 0.81).
Discussion
Porcine pleuropneumonia caused by A. pleuropneumoniae is an important respiratory disease in the swine industry and has resulted in great economic loss worldwide [21] . Although the disease is multifactorial, vaccination has been considered to be the most effective strategy for protecting swine from A. pleuropneumoniae infection. Since most current vaccines are injected and may cause many adverse effects [17, 18, 26] , alternative vaccines, including oral vaccines, have been sought after [8, 18] . In addition, the induction of immune responses at remote mucosal effector sites through a common mucosal immune system has been demonstrated in animal models and has been partially confirmed in humans [12, 13, 22] . When developing an oral vaccine, it is essential to select an effective immunogen, appropriate adjuvant, and proper vaccine regimen [7, 20] . We previously explored oral vaccination using yeast expressing the ApxIIA antigen as an alternative and convenient approach against A. pleuropneumoniae infection [34] . However, the protective effect of the oral immunization was not sufficient because the bacterium also produces other exotoxins. In this study, yeast expressing ApxIA were added as a vaccine component because ApxIA is also one of the most important factors associated with pathogenesis and protective immunity [17] . The efficacy of yeast expressing ApxIA or ApxIIA was evaluated using different vaccination regimens in a mouse model before being applied to the pigs. Mice immunized with proteins extracted from yeast expressing the ApxIA antigen produced strong IgG antibody responses and were protected against challenge, which suggests that the rApxIA antigen expressed in S. cerevisiae is highly immunogenic. IgA and IgG immune responses increased following oral vaccination, and the highest level of response was observed in the group vaccinated with both S. cerevisiae that expressed ApxIA or ApxIIA. We also observed a large increase in antigen-specific IgA antibodies and the number of IgA-secreting cells in the intestine and lung. Based on the findings of other reports [7, 8, 34] , these results strongly suggest that mucosal immune responses at remote sites induced by oral immunization are directly related to the effective production of IgA at the target mucosal site.
Only mice immunized with both ApxIA and ApxIIA produced sufficient humoral immune responses to Apx A toxins and consequently showed the highest survival against the challenge. These results compliment those of a previous report showing that exotoxins were required for the full virulence of A. pleuropneumoniae infection [5] . TNF-α and IL-6 production in the lung increased after vaccination, and IL-1β, TNF-α, and IL-6 production in the lung was abrogated only in the vaccinated groups after challenge with an A. pleuropneumoniae field isolate. This phenomenon might be due to the involvement of IL-6 in the production of IgA and the induction of TNF-α by IgA [23] . Moreover, the dual capacities of secreted IgA might be involved in the mechanism for maintaining balance between pro-inflammatory and anti-inflammatory activities [14, 23] . In addition, the prevention of IL-1β, TNF-α and IL-6 production was correlated with a decrease in lung lesions in the vaccinated groups after challenge. The highest bacterial clearance and survival rates were observed in the group immunized with both antigens. These results might indicate that oral vaccination using both antigens could induce more effective protection against particularly acute infections by decreasing mortality. It was also possible that IgA contributed to the protective mechanism by inhibiting the entrance of the pathogen into the lung and by modulating the pro-inflammatory responses [23, 25] . The histopathological lesions, such as infiltration of inflammatory cells, were positively correlated with the groups showing high levels of inflammatory cytokine production. These results are in good agreement with those of previous studies in which inflammatory cell infiltration was mediated by inflammatory cytokines [9, 10] . Although current thinking is that cellmediated immunity does not play an important role in protection against A. pleuropneumoniae infection, the role of cell-mediated immune responses following oral immunization needs further investigation.
In conclusion, strains of S. cerevisiae that produce ApxA antigens could be a promising oral vaccine candidate for the prevention of A. pleuropneumoniae acute infection in pigs, alone or in combination with other bacterial components, and may provide optimal protection both systemically and at target mucosal sites.
